Introduction
============

Gliomas are neuroepithelial tumors and malignant gliomas are the most common type of primary tumors of the central nervous system ([@b1-ol-0-0-9442]). The prognosis is worse and the degree of malignancy is increased in tumors with a higher grade ([@b1-ol-0-0-9442]). Usually, the treatment for a glioma is surgery, complemented with radiotherapy and chemotherapy ([@b2-ol-0-0-9442]). Although, in recent years, the microsurgery technique, chemotherapy, immunotherapy, gene therapy, molecular targeted therapy and biological technology have progressed, the overall prognosis of patients with glioma has not improved ([@b2-ol-0-0-9442]). The mortality and recurrence rates are high, with the 5-year survival rate for the primary type of glioma, glioblastoma, being 5.1% and the one-year recurrence rate being \~70% ([@b3-ol-0-0-9442]). The main reasons for the high mortality of patients with glioma are resistance to treatment and local recurrence, which have been difficult problems to overcome in the treatment of gliomas ([@b2-ol-0-0-9442]).

Previous studies have revealed that cancer stem cells (CSCs) or CSC-like cells exist in a variety of tumors, and indicated that they serve an important role in the occurrence, development, invasion, metastasis and recurrence of tumors ([@b4-ol-0-0-9442],[@b5-ol-0-0-9442]). The cluster of differentiation (CD)133 protein has been reported as a cell surface marker to human embryonic neural stem cells and cancer stem cells ([@b6-ol-0-0-9442]--[@b9-ol-0-0-9442]), and CD133 positive cells present stem cell properties when isolated from human brain tumors ([@b6-ol-0-0-9442],[@b7-ol-0-0-9442],[@b10-ol-0-0-9442]). In gliomas, glioma stem cells (GSCs) have also been reported to serve a role in the progression of glioma ([@b11-ol-0-0-9442]), which provides a novel theory, and may provide a breakthrough point for studying the mechanism of glioma treatment and improving the therapeutic effect.

The proliferation of normal stem cells is strictly regulated by the microenvironment, where cancer stem cells are also likely to specifically grow and exist ([@b12-ol-0-0-9442]). Internal tumors are often in hypoxic states during the growth process ([@b13-ol-0-0-9442]). Studies have demonstrated that a hypoxic microenvironment serves an important role in the occurrence and development of a tumor, changing the phenotype of tumor cells and increasing the malignant degree through hypoxic stress ([@b14-ol-0-0-9442]). The presence of hypoxia can promote tumor cell proliferation, promote angiogenesis, inhibit stem cell differentiation, increase resistance to radiotherapy and chemotherapy, and increase tumor invasion and metastasis ([@b11-ol-0-0-9442],[@b15-ol-0-0-9442]--[@b20-ol-0-0-9442]). Cancer stem cells express several stem cell markers ([@b21-ol-0-0-9442]). Pluripotent stem cells are regulated by a series of transcription factors, including Oct3/4 and transcription factor SOX-2 (Sox2) ([@b22-ol-0-0-9442],[@b23-ol-0-0-9442]). Studies demonstrated that changes in neurogenic locus notch homolog protein (Notch)1 signaling are associated with a number of human cancers and Notch1 has been speculated to be a prognostic marker for tumors ([@b24-ol-0-0-9442]--[@b28-ol-0-0-9442]). The present study established a hypoxic model in human U87 glioma cells, observed the effect of hypoxia on the expression of Oct3/4, Sox2 and Notch1 at mRNA and protein levels, and assessed the influence of the hypoxic environment on human U87 glioma cell physiology.

Materials and methods
=====================

### Cell culture

The human glioma cell line, U87, was purchased from the Cell Bank of Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China) and cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) with 10% fetal bovine serum (both Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 U/ml penicillin and 100 U/ml streptomycin at 37°C in the incubator with 5% CO~2~ and 95% humidity. The medium was changed every 72 h. Previously, this widely used cell line was reported to be different from the original U87MG Uppsala cell line, but it is likely that the cells line is a bona fide human glioblastoma cell line of unknown origin ([@b29-ol-0-0-9442]). The authors of the current study posit that the possible difference between these two cell lines should not affect the conclusions of the present study.

### Hypoxic cell culture

U87 cells were cultured in DMEM containing fetal bovine serum, penicillin and streptomycin at 37°C in the closed incubation system (Xvivo system 300C; BioSpherix, Ltd., Parish, NY, USA) with 1% O~2~, 94% N~2~, 5% CO~2~ and 95% humidity. Cells were assessed following 2, 6, 12, 24, 48 and 72 h of culturing.

### Cell viability

A total of 100 ml U87 cells at a density of 1.5×10^5^ cells/ml were plated into each well of a 96-well plate and cultured under hypoxia with blank controls set up in the middle and at the edge of the 96-well plate. Cells were incubated for 2, 6, 12, 24, 48, and 72 h, with five replicates for each time point. Following incubation, the medium was replaced with fresh DMEM containing 20 ml MTT (5 mg/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and incubated further for 4 h. Subsequently, 150 ul/well DMSO was added into the 96-well plate, followed by agitating the plate for 10 min. Absorbance was measured by a microplate reader at 490 nm. The growth curves of U87 cells under low oxygen or normal conditions (37°C with 5% CO~2~) were drawn using the duration of the cells cultures and the mean value of absorbance of cells.

### Apoptosis assay

A total of 2×10^6^ U87 cells were suspended with DMEM containing 10% fetal bovine serum (both from Gibco), 100 U/ml penicillin and 100 U/ml streptomycin, and inoculated in the culture flask and cultured in the hypoxic environment or at normal conditions at 37°C for 48 h. Following culturing, the single cell suspension was fixed with 70% ethanol at 4°C overnight. Then cells were collected by centrifugation at 300 × g for 5 min, washed three times with PBS, resuspended with Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) staining solutions using the FITC Annexin V Apoptosis Detection kit (BD Biosciences, Franklin Lakes, NJ, USA), according to the manufacturer\'s protocols. The cells were subsequently mixed gently and incubated for 15 min at room temperature in the dark. Stained cells were analyzed using the BD FACSCalibur^™^ analyzer with FlowJo 7.6 software (BD Biosciences), which used FL1 and FL2 channels to produce scatter charts with PI and FITC as the parameters. The experiment was repeated three times.

### Soft agar colony formation assay

Agar (BD Biosciences) plates were constructed with 0.5% agar forming the bottom layer and 0.3% agar forming the top layer. The plate contained a 1×10^4^ cells/well single cell suspension and was cultured in hypoxic conditions or normal conditions for 2--3 weeks for colony formation. The colonies were subsequently stained by adding 0.2 ml/well of 1 mg/ml nitro blue tetrazolium chloride (ThermoFisher Scientific, Inc.) dissolved in PBS and incubated overnight at 37°C. Using a light microscope (magnification, 100×), colonies with a diameter \>75 µm or colonies that contained \>50 cells were counted. The rate of colony formation was calculated with the following formula: Colony formation rate (%)=number of colonies/number of inoculated cells ×100.

### Flow cytometry analysis and sorting of CD133+ cells

Cells in the logarithmic growth phase were cultured under hypoxic conditions or normal conditions for 24 h at 37°C. They were subsequently washed three times with PBS, collected by centrifugation at 300 × g for 5 min at room temperature, and resuspended and dissociated into single cell suspension in the Pre-Sort Buffer (BD FACS^™^) by repeatedly pipetting. The cells were then centrifuged at 300 × g for 5 min at room temperature and the supernatant was discarded. The cells were washed with 8 ml PBS, blocked with 2 ml FcR Blocking Reagent (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) for 10 min at 4°C and incubated with 2 ml CD133/2 (293C3)-PE antibodies (dilution, 1:1,000; cat. no. 130-090-853; Miltenyi Biotec GmbH) for 10 min at 4°C in the dark. The cells were washed once with 2 ml PBS and then the proportion of CD133+ cells were detected using the BD FACSCalibur^™^ analyzer with FlowJo 7.6 software.

### Reverse transcription-quantitative polymerase chain reaction analysis

Cells in the logarithmic growth phase at an appropriate density were seeded in culture flasks and cultured for 24 h, then cultured in normoxic or hypoxic environments. Total RNA was extracted using the TRIzol reagent kit (Invitrogen; Thermo Fisher Scientific Inc.) and reverse transcribed into cDNA using the PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd., Dalian, China) according to the manufacturer\'s protocol. cDNA was used as a template for Oct3/4, Sox2, Notch1 and GAPDH gene amplification; GAPDH was used as the reference gene. Primer sequences for genes and reference gene are provided in [Table I](#tI-ol-0-0-9442){ref-type="table"}. The qPCR was run with SYBR Green (Takara Biotechnology Co., Ltd.) on 7500 fast Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific Inc) and the thermocycling conditions were as follows: Denaturation at 95°C for 5 min, and then 35 cycles of denaturation at 94°C for 20 sec, annealing at 60°C for 20 sec and extension at 72°C for 40 sec. The results were quantified with the 2^−ΔΔCq^ method ([@b30-ol-0-0-9442]).

### Western blot analysis

Cells in the logarithmic growth phase at an appropriate density were seeded in culture flasks and cultured for 24 h, then cultured in normoxic or hypoxic environments. Total protein was extracted with lysis buffer (pH 7.5) containing the following: 50 mM Tris-HCl; 100 mM NaCl; 1% TritonX-100; 1 mM EDTA; 2 mM sodium vanadate, and protease inhibitor. Protein concentration was determined using the bicinchoninic acid method. Protein (40 ug/lane) was loaded onto 12% SDS-PAGE gel to separate the proteins. The semi-dry method was used to transfer protein onto a polyvinylidene difluoride membrane (PVDF; 0.45 µm; EMD Millipore, Billerica, MA, USA). The PVDF membrane was incubated with 5% skim milk in TBST for 90 min at room temperature, followed by primary antibodies against Oct3/4 (cat. no. sc-9081), Sox2 (cat. no. sc-20088), Notch1 (cat. no. sc-9170) and GAPDH (cat. no. sc-25778) at a dilution of 1:1,000 (all from Santa Cruz Biotechnology Inc) at 4°C overnight. The membrane was then washed with TBST three times and incubated with horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G secondary antibodies (dilution, 1:1,000; cat. no. sc-2004; Santa Cruz Biotechnology, Inc.) at 37°C for 2 h. Finally, the membrane was washed with TBST three times, developed with Clarity™ Western Electrochemiluminescence Substrate (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and detected by the ChemiDoc™ XRS + System with Image Lab™ Software (170--8265; Bio-Rad Laboratories, Inc.). GAPDH was used as the reference protein. The experiment was repeated three times.

### Statistical analysis

The data are presented as mean ± standard deviation and analyzed using SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA). A two-sample t-test or a one-way analysis of variance with the Tukey\'s Honest Significant Difference post-hoc test were used for statistical analysis. P\<0.05 indicated that the difference between groups was statistically significant.

Results
=======

### Hypoxia increases U87 cell viability

To assess the effect of hypoxia on U87 cell viability, cells were cultured under hypoxic and normal conditions, and their viability were analyzed by the MTT assay. Hypoxic U87 cells exhibited a higher viability rate compared with the cells cultured under normal conditions when exposed to hypoxia for 48 and 72 h. Although the increased viability of hypoxic cells was slight, the difference between the two groups at 72 h was statistically significant (P\<0.05; [Fig. 1](#f1-ol-0-0-9442){ref-type="fig"}).

### Hypoxia decreases U87 cell apoptosis

To assess if hypoxia induced apoptosis in U87 cells, cultured cells were analyzed using flow cytometry. The data demonstrated that the apoptosis rate in U87 cells cultured under hypoxic conditions was decreased compared with that in cells in normal conditions ([Fig. 2A](#f2-ol-0-0-9442){ref-type="fig"}). The greatest difference in the apoptosis rate in U87 cells cultured under hypoxic or normoxic conditions was 48 h post treatment (4.55±0.46 and 14.15±0.84%, respectively); the difference in the apoptosis rate was statistically significant (P\<0.05; [Fig. 2B](#f2-ol-0-0-9442){ref-type="fig"}).

### Hypoxia increases the colony formation ability of U87 cells

To assess the proliferation of U87 cells under hypoxic conditions, a colony formation assay was performed in U87 cells ([Fig. 3A](#f3-ol-0-0-9442){ref-type="fig"}). U87 cells cultured under hypoxic conditions possessed a significantly greater clone formation ability (25.38±1.46%) compared with U87 cells cultured under normal conditions (7.25±1.56%; P\<0.05; [Fig. 3B](#f3-ol-0-0-9442){ref-type="fig"}).

### CD133 expression is increased in U87 cells cultured in a hypoxic environment

To assess if CD133 expression can be induced under hypoxic conditions, the expression of CD133 in U87 cells was detected using flow cytometry ([Fig. 4A](#f4-ol-0-0-9442){ref-type="fig"}). The data demonstrated that the expression of CD133 in U87 cells cultured in a hypoxic environment was significantly higher (12.18±0.86%) compared with those cultured in a normal environment (1.96±0.23%; P\<0.01; [Fig. 4B](#f4-ol-0-0-9442){ref-type="fig"}).

### Hypoxia increases the mRNA expression of genes in the Notch signaling pathway

To detect mRNA expression of genes in the Notch signaling pathway in glioma cells, U87 cells cultured in hypoxia and normoxia for 24 h were collected, and the mRNA expression levels were detected by RT-qPCR. When the mRNA expression levels in the hypoxia group were compared with that of the normoxia group, the ratios were revealed to be 3.12±0.23 for Notch1, for 1.23±0.35 Sox2 and 3.17±0.30 for Oct3/4. The results demonstrated that the Notch1 and Oct3/4 mRNA levels in the hypoxia group were significantly increased compared with those in the normoxia group and that the difference was statistically significant (P\<0.05; [Fig. 5A](#f5-ol-0-0-9442){ref-type="fig"}). No significant difference in the expression of the stem cell associated gene, Sox2, was identified between the two groups.

### Hypoxia increases the protein expression of genes in the Notch signaling pathway

To detect the protein expression of genes in the Notch signaling pathway in glioma cells, U87 cells cultured in hypoxia and normoxia environments for 24 h were collected, and the proteins were detected by western blot analysis. Notch1, Oct3/4 and Sox2 were identified in all groups, and the expression of Notch1 and Oct3/4 were higher in hypoxic cells compared with normoxic cells, while hypoxia did not increase Sox2 expression ([Fig. 5B](#f5-ol-0-0-9442){ref-type="fig"}).

Discussion
==========

Glioma is the most common type of primary tumor of the central nervous system ([@b1-ol-0-0-9442]) and recurrence, which is associated with the unlimited proliferation and invasive growth of tumor cells, is the greatest hindrance to successful treatment ([@b2-ol-0-0-9442]). Although differentiated tumor cells constituted the majority of the cell killed with the administration of current cancer treatments, a small amount of CSCs are resistant to the treatment ([@b4-ol-0-0-9442],[@b5-ol-0-0-9442]). GSCs serve a very important role in the occurrence, development, invasion and recurrence of gliomas ([@b6-ol-0-0-9442]--[@b9-ol-0-0-9442]). GSCs have been demonstrated to cause tumors, maintain tumor growth, and are the root of tumor recurrence following surgery ([@b6-ol-0-0-9442]--[@b8-ol-0-0-9442]). In addition, there is a close association between tumor angiogenesis and resistance to chemotherapy or radiotherapy ([@b10-ol-0-0-9442],[@b11-ol-0-0-9442]). Therefore, GSCs are a potential target for glioma therapy ([@b31-ol-0-0-9442]). Identifying a specific surface marker of CSCs is the key to further study of the occurrence, metastasis, recurrence and prognosis of the tumor. Multiple studies have revealed that CD133 is a specific surface marker of stem cells and CSCs ([@b32-ol-0-0-9442]--[@b34-ol-0-0-9442]). A hypoxic microenvironment is one of the important features of solid tumors as well as gliomas ([@b35-ol-0-0-9442]). Hypoxia can promote cell proliferation and angiogenesis in tumors, inhibit stem cell differentiation, increase tumor resistance to chemotherapy and radiotherapy, and make tumors more invasive ([@b36-ol-0-0-9442]).

The growth rate of tumors is usually greater than that of the blood vessels, which generates a hypoxic state inside the tumor ([@b35-ol-0-0-9442]). The hypoxic microenvironment has been revealed to be associated with the growth and metastasis of tumors ([@b36-ol-0-0-9442]). The results of the current study demonstrated that cell proliferation under hypoxia (1% O~2~) for \>24 h was slightly higher compared with that under normoxia (20% O~2~), which suggested that the cell proliferation ability was increased following hypoxia induction. This paradoxical phenomenon may be attributed to changes in multiple signaling pathways that facilitate the de-differentiation and the acquisition of stem cell-like features in differentiated cancer cells ([@b37-ol-0-0-9442]). The ability of colony formation was also increased by hypoxia, which suggested that the microenvironment of hypoxia could promote stem cell characteristics in tumor cells. At the same time, it was demonstrated that CD133 expression in U87 cells increased 4--6-fold following hypoxia treatment, which is consistent with a previously reported 3--5-fold induction of CD133 positive fractions in glioblastoma-derived cells under hypoxia ([@b38-ol-0-0-9442]).

In embryonic stem cells, Oct3/4, Sox2 and other transcription factors may form a transcriptional network that regulates a large number of genes associated with differentiation of embryonic stem cell ([@b39-ol-0-0-9442]). Subtle changes in Oct3/4 protein expression have great influences on the differentiation of embryonic stem cells ([@b40-ol-0-0-9442]). Studies have demonstrated that Oct3/4 was only expressed in pluripotent cells, and that it maintained the pluripotency of embryonic stem cells, inhibited embryonic stem cell apoptosis and maintained their proliferative potential through the signal transduction pathway ([@b40-ol-0-0-9442],[@b41-ol-0-0-9442]). The results of the current study supported the role of Oct3/4 in the proliferation of undifferentiated cells and stem cells that may be involved in tumor growth.

The Notch1 signaling pathway serves a major role in the maintenance of stem cell proliferation ([@b42-ol-0-0-9442]). In malignant tumors, the Notch1 signaling pathway is activated when the cells are transformed to malignant cells ([@b43-ol-0-0-9442],[@b44-ol-0-0-9442]). The results of the current study demonstrated that the expression of Notch1 in U87 cells was affected by the hypoxia microenvironment. The Notch signaling pathway serves an important role in the self-renewal, proliferation and differentiation of neural stem cells or neural precursor cells ([@b42-ol-0-0-9442]). In addition, the Notch signaling pathway was also revealed to be highly activated in glioma, hematological and intestinal tumor, and other types of tumor, which suggested that the pathway can regulate the self-renewal and differentiation of CSCs, and serve an important role in malignant tumor formation and development ([@b43-ol-0-0-9442]--[@b45-ol-0-0-9442]). A previous study demonstrated that the Notch signaling pathway serves an essential role in hypoxia-mediated stem cell maintenance ([@b37-ol-0-0-9442]). Politi *et al* ([@b44-ol-0-0-9442]) revealed that the Notch signaling pathway is involved in the carcinogenesis of breast cancer, maintains the malignant phenotype of the mutant cells and is highly expressed in transplanted breast cancer tissue in nude mice. Jiang *et al* ([@b45-ol-0-0-9442]) demonstrated that compared with normal brain tissue, the expression of Notch1 was significantly higher in glioma tissues and increased with the grade of the glioma. Zhang *et al* ([@b46-ol-0-0-9442]) revealed that the activation of the Notch1 signaling pathway can stimulate the activation of RAC-α serine/threonine-protein kinase, activate the β-catenin and nuclear factor NF-κ-B signaling pathway, and promote the proliferation and invasion of glioma.

In the present study, it was demonstrated that in the hypoxic environment, Notch1 and its downstream target gene, Oct3/4, were markedly increased at mRNA and protein levels, while there appeared to be little change in Sox2 expression. These results indicated that hypoxia could promote the proliferation of GSCs and maintain the characteristics of stem cells by activating Notch1 and Oct3/4 or maintaining Notch1 activation.

Not applicable.

Funding
=======

The present study was supported by Hubei Natural Science Foundation Project (grant no. 2016CFB575; Wuhan, China) and Wuhan University Renmin Hospital Guidance Fund (grant no. RMYD2018M09; Wuhan, China).

Availability of data and materials
==================================

The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.

Authors\' contributions
=======================

FZ designed the project, performed the assays and analyzed the data regarding U87 cell viability, cell apoptosis, CD 133 expression, and the Notch signaling pathway, and was a major contributor in writing the manuscript. HC performed the assays and analyzed the data regarding the U87 cell viability, colony formation, and Notch signaling pathway detection. ZZ, TY and GW performed the assays and analyzed the data regarding the U87 cell apoptosis, CD133 expression and Notch signaling pathway. QZ and SD contributed to the data acquisition and analysis regarding to the Notch signaling pathway detection. YZ was a major contributor to the project design, data analysis and manuscript editing. All authors read and approved the final manuscript.

Ethics approval and consent to participate
==========================================

Not applicable.

Patient consent for publication
===============================

Not applicable.

Competing interests
===================

The authors declare that they have no competing interests.

![Hypoxia increases U87 cell viability. The cell viabilities of U87 cells cultured under hypoxic and normoxic conditions for 2, 6, 12, 24, 48 or 72 h. \*P\<0.05, hypoxic compared with normoxic.](ol-16-05-6315-g00){#f1-ol-0-0-9442}

![Hypoxia decreases U87 cell apoptosis. (A) The effect of hypoxia on U87 cell apoptosis was detected by flow cytometry using the FL1 (FITC green) and FL2 (PI red fluorescence) channels. (B) The quantified apoptosis rate of hypoxic and normoxic cells after 48 h of culturing. \*P\<0.05. FITC, fluorescein isothiocyanate; PI, propidium iodide.](ol-16-05-6315-g01){#f2-ol-0-0-9442}

![Hypoxia increases the colony formation rate of U87 cells. (A) Colony formation assays were performed in U87 cells cultured in hypoxia and normoxia. (B) The quantified colony formation rate of hypoxic and normoxic cells. \*P\<0.05, hypoxic compared with normoxic.](ol-16-05-6315-g02){#f3-ol-0-0-9442}

![CD133 expression is increased in U87 cells cultured in a hypoxic environment. (A) Flow cytometry to detect the expression of CD133 of U87 cells under hypoxia and normoxia with the ratio of CD133+ cells shown in the red box. (B) Quantification of the CD133+ fraction of U87 cells. \*\*P\<0.01, hypoxic compared with normoxic. CD, cluster of differentiation; +, positive; SSC-H, side scatter height; PE-H, phycoerythrin height.](ol-16-05-6315-g03){#f4-ol-0-0-9442}

![Hypoxia increases the expression of genes in the Notch signaling pathway. The (A) mRNA and (B) protein expression of Notch1, transcription factor SOX-2 and Oct3/4. Notch1, neurogenic locus notch homolog protein 1; NS, not significant. \*\*P\<0.01, hypoxia compared with normoxic.](ol-16-05-6315-g04){#f5-ol-0-0-9442}

###### 

The nucleotide sequence of primers for reverse transcription-quantitative polymerase chain reaction.

  Gene                                       Primer sequence (5′-3′)      Product length (bp)
  ------------------------------------------ ---------------------------- ---------------------
  Oct3/4                                     F: ACATGTGTAAGCTGCGGCC       297
                                             R: GTTGTGCATAGTCGCTGCTTG     
  Transcription factor SOX-2                 F: TTGCTGCCTCTTTAAGACTAGGA   75
                                             R: CTGGGGCTCAAACTTCTCTC      
  Neurogenic locus notch homolog protein 1   F: CACTGTGGGCGGGTCC          85
                                             R: GTTGTATTGGTTCGGCACCAT     
  GAPDH                                      F: CCTCAAGATCATCAGCAATGC     101
                                             R: TGGTCATGAGTCCTTCCACG      

F, forward; R, reverse.
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